The correlation between the physical properties of spin-casting solvents, film morphology, nanoscale charge transport, and device performance was studied in poly(3hexylthiophene):phenyl-C 61 -butyric acid methyl ester (P3HT:PCBM) blends, spin cast with two halogenated aromatic solvents: chlorobenzene (CB) and ortho-dichlorobenzene (1,2-DCB). 1,2-DCB-based blends exhibited fine phase separation of ∼10 to 15 nm length scale with ordered self-assembly of P3HT whereas blends spin cast from CB showed coarse phase separation with large isolated clusters of ∼25 to 100 nm of donor-and acceptor-rich regions. Higher solubility of both P3HT and PCBM in 1,2-DCB and a slower drying rate of 1,2-DCB (because of higher boiling point) facilitated self-organization and ordering of P3HT and promoted finer phase separation. Higher local hole mobility in 1,2-DCB-based blend was attributed to efficient hole transport through the ordered network of P3HT chains. Moreover, higher local illuminated current (dark + photocurrent) in 1,2-DCB-based blend suggested efficient diffusion and dissociation of excitons due to finer phase separation. As a consequence, 1,2-DCB-based devices exhibited higher short circuit current density (J sc ), external quantum efficiency and power conversion efficiency in contrast to the CB-based device. It was also observed that the device performance was not limited by light absorption and exciton generation; rather morphology dependent processes subsequent to exciton generation, primarily charge transport to the electrodes, limited device performance. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE). Dutta et al.: Connecting physical properties of spin-casting solvents with morphology... are generated primarily in the donor material. The excitons diffuse to the donor-acceptor (DA) interfaces where they dissociate, leading to formation of free electrons and holes. Under electric field, dissociated carriers are transported to the respective electrodes where they are collected. Holes flow through the donor material toward the anode and electron flows through the acceptor phase toward the cathode. The nanoscale morphology of the DA blend plays a crucial role in determining the photovoltaic performance of the device. 3-9 A blend of poly(3-hexylthiophene) (P3HT) as donor and phenyl-C 61 -butyric acid methyl ester (PCBM) as acceptor has been studied extensively as a prototypical BHJ cell, with reported efficiencies up to 5%. 10, 11 In an ideal scenario, phase separation in the blend should lead to the formation of an interpenetrating bicontinuous network of DA materials. The mean domain size of the acceptor PCBM and donor (P3HT) in the blends should lie within the exciton diffusion length (4 to 20 nm) 12-14 for efficient diffusion of excitons to DA interface. A high degree of DA phase separation with large interfacial area helps exciton dissociation while bicontinuous percolating pathways of interconnecting DA network offer efficient transport of free carriers to the respective electrodes. 15 However, an extremely fine phase separated DA blend is not ideal because it impedes the flow of both excitons and dissociated charge carriers and increases the probability of recombination. Thus, an optimum balance between interpenetrating and interconnecting DA components in the blend is necessary to maximize exciton dissociation and free carrier transport 16 and hence to maximize the cell efficiency.
Introduction
Bulk heterojunction (BHJ) solar cells have received considerable attention in recent years due to their strong potential for cost-effective energy conversion and their compatibility with flexible substrates. [1] [2] [3] The active layer of BHJ solar cells consists of a blend of donor and acceptor materials in a single layer of two conjugated polymers, 4,5 a combination of conjugated polymer and fullerene, [3] [4] [5] [6] [7] or a blend of polymer and inorganic nanocrystals. 8, 9 Under illumination excitons phase imaging were used to study the surface morphology and to identify DA components with high spatial resolution. Blend morphology was also studied using bright field transmission electron microscopy (TEM) imaging. The local hole current was measured under dark and illumination conditions (532 and 680 nm wavelengths) by injecting holes into the blend using a C-AFM tip and collecting at the bottom ITO electrode. Since the hole transport pathways were through the thickness of the films, C-AFM results were likely to give an indication of the overall nature of the charge transport pathways and organization of DA phases in the bulk of the films. C-AFM-based current-voltage spectroscopy was conducted to estimate and compare local hole mobility of the blends using a space charge limited current equation. 33 Hole transport was specifically discussed because hole mobility is smaller than electron mobility in these blends and limits the final device performance. 14 Finally, the connections between solvent physical properties, blend morphology, charge transport, and device performance were established.
Experimental Section
For the deposition of the active blend layer, ITO glass slides were cleaned, dried, and then treated in O 2 plasma for 30 min to remove any organic residue. Poly (3,4ethylenedioxythiophene) :poly(styrenesulfonate) (PEDOT:PSS) was spin-coated onto ITO-glass substrates at 4000 rpm for 30 s and were annealed at 140 • C for 20 min. A mixture of regioregular RR-P3HT (10 mg/ml; Rieke Met. Inc) and PCBM (10 mg/ml; Nano-C) in corresponding solvents (CB and 1,2-DCB) were spin-coated onto the PEDOT/PSS layer. The spin-casting process involved two steps: the initial 100 rpm for 20 s followed by 800 rpm for 20 s (continuous process without stops). The same process was used for both CB and 1,2-DCB solvent-based blends. The films (not dry) were left in a Petri dish. Finally, samples were annealed at 140 • C for 10 min. The active layer thickness was measured and found to be 100 to 120 nm. Most of the time, the CB film has a slightly higher thickness than the 1,2-DCB film. For device studies, an interfacial layer of Ca was deposited onto the blend film followed by thermal evaporation of about 200-nm thick Al back electrode. The devices were post-annealed at 140 • C for 10 min. Complete device fabrication was carried out inside an environmentally controlled glove box. Multiple sets of P3HT:PCBM blend films were prepared using CB and 1,2-DCB solvents and stored in the glove box to avoid exposure to humidity and oxygen.
AFM measurements were conducted using an Agilent 5500 microscope in a hermitically sealed chamber under dry nitrogen atmosphere. Silicon tips (Budget Sensors; nominal resonance frequency ≈75 kHz, force constant ≈3 N/m; tip radius of ∼10 nm) were used for conducting topography and phase imaging simultaneously. All the samples were imaged using the same AFM tip. High resolution AFM images were measured using a SuperSharp silicon probe (Nanosensors) with nominal resonance frequency ≈190 kHz and tip radius less than 5 nm. Conducting AFM images and location specific current-voltage spectroscopy measurements were performed in contact mode using Pt-Ir coated Si tip (Budget Sensors; radius ∼ 20 nm; force constant of 0.2 N/m; resonance frequency ≈14 kHz). A cantilever with small force constant, such as the one used here, permits repeated imaging soft polymer surface without deformation, which is important to ensure reproducible electrical contact between the tip and the sample and also to limit the tip induced amplification of the local current because of hard contact. Further, the measurements were conducted at the lowest set point regimes when the tip softly touches the surface so as to collect the current without damaging the structure. Current images with ∼20 nm spatial resolution limited by the tip radius were obtained simultaneously with topography images. The conducting probe makes contact with the sample and measures the current as a function of the applied voltage at certain points on the surface producing local I-V plot or produces current maps at a fixed bias at each image pixel. The holes were injected from a conducting Pt/Ir coated AFM tip into P3HT and collected at the grounded ITO electrode. The hole current was measured using an in-built preamplifier with 1 nA/V sensitivity. The images were taken at 0.5 V bias to avoid tip induced local oxidation/reduction. Each of the I-V plots were taken by locating the tip to a new position (fresh area) after every measurement. Photocur- show the corresponding phase images identifying the components of the blend mixture. The chain-like self-assembly of P3HT was observed in the 1,2-DCB-based film in contrast to larger and isolated domains in the CB-based blend. The 1,2-DCB-based blend showed finer phase separation than the CB-based blend. rent measurements were conducted by illuminating a small area on the sample, from the bottom, using 532 nm (green) and 680 nm (red) lasers with photon flux up to ≈ 10 18 photons/s-cm 2 . The intensity of the laser was kept low to avoid local heating of the sample and the tip and the laser spot was carefully focused on the sample at a very small region underneath the tip. Unwanted contribution from thermally generated carriers and local degradation of the film due to heating was thus avoided. For TEM measurements, P3HT:PCBM active layers were floated on deionized water and collected on 200 mesh copper grids. The samples were subsequently dried at room temperature and kept inside a vacuum desiccator overnight to prevent any morphological change due to unwanted thermal annealing. 39 Bright field TEM imaging was conducted using a Hitachi H-7000 instrument fitted with LaB6 filament under a slightly defocused condition. Multiple images were acquired at different locations of the film under uniform illumination using a gain-corrected CCD camera. A low accelerating voltage of 100 keV was used to avoid altering the film morphology by electron beam induced damage. Thickness of the blends was measured using a Dektak profilometer as well as by imaging a step created on the film using AFM. UV-Vis absorption spectra of the films on quartz plates were collected using an Agilent 8453 spectrometer. Device J-V and external quantum efficiency (EQE) measurements were conducted by two probe methods using a National Institute of Standards and Technology (NIST) calibrated Newport Solar simulator (AM 1.5 illumination, 100 mW/cm 2 ). A distinct difference in the surface morphology of donor and acceptor components was noticeable among the blends cast from CB and 1,2-DCB which was more evident in the phase images. Self-organization of polymer P3HT chains was observed for a 1,2-DCB-based blend similar to the fiber-like polymer chain reported in literature. 33 Phase imaging was done in net-attractive regime, with about 50% damping in the amplitude of free cantilever vibration. Softer and elastic regions of the sample dampens AFM cantilever vibrations more than that at harder regions leading to higher phase difference from the reference drive signal. 40 Thus, it is possible to identify individual components of a heterogeneous mixture from the compositional mapping of the surface provided by the phase images. The brighter regions in phase images (higher phase) correspond to the softer 41 P3HT polymer rich regions. In contrast, darker regions (lower phase) were assigned to harder PCBM rich domains. Moreover, phase images do not have direct one-toone correlation with topographic (height) images and are more useful to distinguish components of a heterogeneous blend based on the difference in the viscoelastic properties of the individual components. It is also to be noted that the term "phase" corresponds to the donor P3HT and acceptor PCBM rich regions which has no connection with the crystalline and amorphous regions of the materials which are often referred to as phase in other structural measurements. The phase images of CB and 1,2-DCB-based films showed a significant variation in the length scales of DA phase separation. Morphology of the films prepared with a CB solvent showed coarser phase separation with large domains of P3HT (brighter regions) separated by PCBM clusters. The size of P3HT domains and PCBM clusters vary from 30 to 110 nm and 25 to 100 nm, respectively. For statistical validity, several images of different locations along with the representative images (shown in Fig. 1 ) were analyzed to estimate the sizes; whereas blends cast from 1,2-DCB exhibited a finer phase separation of 10 to 15 nm length scale and an ordered network of P3HT polymer chains.
Results and Discussion
Further morphological studies were conducted by TEM where an indication of the internal structure of the film can possibly be obtained since electrons are detected after they have traversed through the entire film. 42, 43 Figures 2(a) and 2(b) show representative TEM images of the active layer spin cast with CB and 1,2-DCB solvents, respectively. Due to the difference in density of P3HT (1.1 g/cm 3 ) and PCBM (1.5 g/cm 3 ), TEM can distinguish these two phases with P3HT rich regions appearing brighter (white areas) than the PCBM rich regions (dark areas). 44 However, it is to be noted that thickness variations in the film can sometimes result in false image contrast and therefore need to be distinguished from density contrast using proper imaging conditions. From the significant variation of a fast Fourier transform pattern and image contrast reversal at under-and over-focused conditions, it was confirmed that the contrast in TEM images was indeed dominated by phase or density contrast and not due to thickness variations. Moreover, AFM measurements revealed that the films are quite uniform and smooth (rms roughness less than 0.9 nm). A coarse morphology with large clusters (about 40 to 100 nm) of P3HT rich regions separated by PCBM rich regions was observed in the CB-based film similar to that observed in AFM images. Self-ordering and chain formation which is usually observed in P3HT was absent in the CB-based film under present processing conditions. However, 1,2-DCB cast blend showed a higher degree of intermixing and finer phase separation of the DA phases than CB cast film. High resolution AFM phase image [ Fig. 3 (a)] and TEM image [ Fig. 3 (b)] of 1,2-DCB cast blend showed the finer intermixing of DA components with an ordered network of P3HT chains and matched well with each other. From Figs. 3(a) and 3(b) it was observed that the length of individual P3HT polymer self-assemblies and their diameter varied between 25 and 70 nm and 10 and 20 nm, respectively. The size of the PCBM clusters occupying the space between two P3HT chains varied from 10 to 15 nm. This suggests that two successive polymer chains were separated within the exciton diffusion length (usually 4 to 20 nm) 12 with PCBM nanoclusters embedded in-between. Therefore, in contrast to CB cast blend, 1,2-DCB cast blend showed improved polymer ordering, higher degree of phase separation, and efficient blending of DA phases, which facilitated both exciton dissociation and carrier transport in the active layer.
The physical properties of the solvent, such as boiling point, viscosity, density, and polarity, significantly influence the extent of phase separation. 24, 45, 46 Different physical properties of CB and 1,2-DCB are summarized in Table 1 . Fullerene is less soluble in CB than in 1,2-DCB, 47 and larger clusters of PCBM in CB-based films may be a result of poor solubility leading to early precipitation of PCBM during solvent evaporation, especially during the thermal annealing process when the residual solvent evaporates quickly from the blend. Moreover, relatively poor solubility of P3HT in CB may have resulted in incommensurate self-organization of polymer chains. Poor solubility of both P3HT and PCBM has been attributed to the lower polarity of CB. On the other hand, higher solubility of both P3HT and PCBM due to higher polarity of 1,2-DCB solvent may be responsible for highly organized self-assembly of P3HT and finer phase separation. 48 Therefore, improved solubility of DA components may have resulted in effective interpenetration of P3HT and PCBM networks leading to finer phase separation in 1,2-DCB cast blend. Several recent reports suggested that a higher solubility of DA components leads to lower surface roughness of polymer blends and enhanced device efficiency. 6,10 A comparative study with CB-and toluene-based blends showed that the CB-based blend yields a smoother film due to higher solubility of PCBM in CB. Higher solubility of CB also led to an increased intermixing of the DA phases, resulting in improved charge collection and higher device efficiency. 6 On the contrary, other reports 49 stated that rough surface of blend film is a signature of higher efficiency. It was argued that the rougher surface increased charge collection by increasing the contact area between blend and metal cathode at the interface and also increased light absorption by improving internal reflection. However, an increase in efficiency was not directly attributed to increased roughness, but to improved ordering of P3HT chains and optimal DA phase separation in both lateral and vertical directions. Our studies showed an interesting correlation between surface root-mean-square roughness (R rms ) and solubility of the DA components in the spin casting solvent. R rms of CB-and 1,2-DCB-based P3HT:PCBM blends was 0.89 and 0.55 nm, respectively, as measured by AFM. Results showed that a smoother surface was obtained for blends prepared with a solvent of higher solubility (1,2-DCB). A smoother surface is likely to improve the adhesion between electron transport layer (Ca) and the blend film, thereby reducing recombination of charge carriers at the interface and increasing device efficiency. 6 Moreover, slow solvent evaporation may also lead to a smoother film surface and improved vertical phase separation, resulting in efficient percolation pathways and enhanced charge collection. 50 Furthermore, it has been reported that fast solvent removal leads to the reduction of P3HT crystallinity and also increases the interlayer distance of the polymer in the blend film. 48 In addition, rapid evaporation of solvent during thermal annealing induces Marangoni instability in the bulk of the film which roughens the surface of the film leading to insufficient phase separation. 48 Therefore, high surface roughness (R rms = 0.89 nm) and coarse phase separation of a CB cast film was also attributed to the rapid solvent evaporation because of its low boiling point (131 o C). On the other hand, a higher boiling point of 1,2-DCB (181 o C) and correspondingly its slower evaporation rate resulted in a smoother film (R rms = 0.55 nm) and finer phase separation. Further, a high viscosity of 1,2-DCB (see Table 1 ) may also have promoted efficient phase separation during spin coating, as observed by Arias et al. 50 Therefore, higher solubility, boiling point (low rate of evaporation), and viscosity are desirable properties of a spin-casting solvent which results in a smoother surface and facilitates finer phase separation in the blend.
The effect of nanoscale phase separation on photocurrent generation and nanoscale charge transport is described here. A schematic of nanoscale charge (here hole) injection using C-AFM is shown in Fig. 4(a) and the corresponding energy band diagram is shown in Fig. 4(b) . Holes were injected from the Pt-coated tip into the blend and collected at the ITO electrode, meaning that the holes pass through the entire thickness of the active layer before being collected at the anode. Therefore, the information obtained from C-AFM measurements may be considered to reflect the overall electrical quality of the active layer, not just the surface. Some of the previous studies have also used Mg and Au (Refs. 36 and 51) coated tips to probe electron current in a similar structure. However, hole current measurements were specifically conducted here since lower hole mobility usually determines carrier transport in polymer solar cells and limits final device performance. 36 The C-AFM images of the blends prepared with CB and 1,2-DCB solvents are shown in Figs. 4(c) and 4(d), respectively. Brighter areas in the images are high hole current regions corresponding to P3HT rich areas and darker areas are low hole current regions corresponding to PCBM rich areas. 36 Blends prepared with CB showed discontinuous regions of P3HT and PCBM isolated at longer length scales (25 to 100 nm). On the other hand, the 1,2-DCB-based film showed a network of cross-linked P3HT polymer chains extended throughout the surface. The maximum current corresponding to P3HT rich areas in 1,2-DCB cast films was ≈ 55 pA, whereas maximum current in the CB-based film was ≈ 3 pA. Moreover, the C-AFM images taken with zero sample bias (V = 0) showed no contrast, indicating a negligible effect of topography on current images. Also, the C-AFM images could not be acquired under sample bias with negative polarity (current was well below 2 pA, noise floor of the measurement setup), because the Pt tip is not suitable for collection or injection of electrons due to a large mismatch of Fermi energy with the lowest unoccupied molecular orbital of PCBM. 36 Local dark I-V spectroscopy (where I is the hole current) was performed at different P3HT rich locations on the surface and the averaged I-V plot was used for the estimation of hole mobility. The dark I-V plots conducted on films spin cast with CB and 1,2-DCB are shown in Fig. 5 . A nonlinear increase in hole current at positive and negative bias polarities suggested a non-Ohmic contact between the sample and the tip. 52, 53 The hole injection barrier in the forward bias region (∼ 50 mV) was significantly smaller than the reverse bias region (∼ 0.8 V). This was attributed to a lower potential barrier between the tip and P3HT compared to ITO and electrode as shown in the band diagram. 52 The hole transport showed a quadratic dependence with bias for both the samples following the space-charge limited current (SCLC) model: 36, 53 where ε is the dielectric constant of the polymer, ε 0 is the vacuum permittivity, μ is the hole mobility, V is the applied voltage, and L is the film thickness. A nominal tip radius of 20 nm was used to estimate the current density. Using the SCLC Eq. (1), the field independent hole mobility was calculated by fitting the quadratic region of the dark current under forward bias 53, 54 and is shown in the inset of Fig. 5 . The hole mobility of CB and 1,2-DCB blend was 4.64 × 10 −3 and 14.0 × 10 −3 cm 2 V −1 s −1 , respectively. It has been reported that hole mobility measurements by C-AFM yields values an order of magnitude greater than bulk I-V measurements and most reports apply appropriate corrections to calculate accurate values. 54 In this study, instead of calculating the exact values of the hole mobility, the goal was to compare the hole mobility of the two films estimated from the SCLC equation. The increase in hole mobility in 1,2-DCB cast blend may be attributed primarily to the ordering of the P3HT chains, allowing an efficient pathway for hole transport , thereby improving hole collection. UV-Vis absorption spectra of the blend films are shown in Fig. 6 , which indicates higher absorption in the CB film in the visible region (400 to 550 nm) than the 1,2-DCB-based film. Thus, the CB cast blend showed better light harvesting capability than the 1,2-DCB cast blend, resulting in an increased exciton generation in the device. The absorption peaks of 1,2-DCB cast film were redshifted with respect to that of the CB cast film, indicating a significant increase in ordering, interchain interaction, and crystallinity 24 of P3HT polymer phase in the 1,2-DCB cast films as compared to the CB-based film, which was supported by AFM ( Fig. 1) and TEM data (Fig. 2) . Also, the prominent shoulder at ∼ 600 nm observed in 1,2-DCB blend was also indicative of stronger interplane interaction due to enhanced self-organization of P3HT. 42 Figure 7 shows a local current-voltage response of blends under 532 nm laser illumination. Measurements were performed at low and high photon absorption regions of P3HT using red (low absorption at 680 nm, not shown here) and green laser (high absorption at 532 nm). Inset shows the I-V plots of 1,2-DCB blend acquired in dark and using red and green laser source. The conductive AFM tip was carefully positioned at P3HT rich areas. The measurements were performed at multiple locations and the standard deviation was within 10% for a given film. A distinct kink of S-shape was observed in the I-V response of 1,2-DCB cast film under green illumination in the forward bias which was not observed in the dark I-V or in I-V response under red illumination (inset) for a CB cast film. Stronger absorbance of green light compared to that of red in P3HT and optimum phase separation in a 1,2-DCB film resulted in higher density of photogenerated holes, suggesting a role of high hole density in the formation of the kink. It is important to note that the present AFM-based hole-only I-V spectroscopy is different from typical device I-V measurements, where both electrons and holes are extracted. Therefore, direct comparison of present results with device-based measurements 6 requires careful consideration on unbalanced carrier extraction 54 with excessive electron accumulation in the active layer. The excess photogenerated holes in a 1,2-DCB cast film may be accumulated at the P3HT-PEDOT:PSS interface, which may result in the voltage dependent local current measurement and the kink in the I-V curve under green illumination. [55] [56] [57] A similar S-shaped I-V curve was reported for P3HT:PCBM-based BHJ devices under illumination, and not in the dark. 58 Moreover, an increase in local hole current under illumination was observed at higher positive (forward) bias, whereas short circuit current I sc (at V = 0) was ≈ 0.5 to 1 pA, which is close to the noise floor of the measurement setup. The absence of I sc in local I-V plots can be attributed to an insufficient built-in electric field (∼ 0.2 eV) between the Pt tip (work function = 5.3 eV) and the ITO electrode ( = 5.1 eV), resulting in poor collection of photogenerated holes by point-contact of the AFM tip at zero external bias. A similar low photoresponse was reported by Douhéret et al. 52 using Pt coated tips. A proposed conceptual model based on the information obtained from local charge transport and morphology studies, distinguishing a fine (similar to 1,2-DCB-based blends) and coarse (similar to CB-based blend) phase separated active layer is shown in Fig. 8 . Here, dark regions represent the PCBM phase and white regions represent the P3HT phase. The origin of the dark current is primarily the holes injected by an AFM tip into the DA blend, which were collected at the ITO substrate. A complete path of dark hole current from AFM tip through the ordered network of P3HT phase to the ITO electrode is shown in Fig. 8(a) . Availability of complete pathways of hole transport might have resulted in higher local dark hole current and hole mobility for 1,2-DCB-based blend. On the other hand, an interrupted pathway of hole current in CB cast blend is shown in Fig. 8(b) . Smaller dark current and low hole mobility of CB cast blend suggested increased recombination of injected holes due to the absence of such ordered pathways. Figures 8(c) and 8(d) show the effect of fine and coarse phase separated morphology on the illuminated current. Photogenerated holes (after exciton dissociation) add up to the injected dark holes to give the total hole current under illumination. 49 Thus, illuminated current is a measure of the efficiency of exciton generation, diffusion, and dissociation controlled by the interpenetrating fine phase separated network. 53 Phase separation in 1,2-DCB-based blend (10 to 15 nm) is of the same order of exciton diffusion length (∼4 to 20 nm); 12 such fine phase separation provides an increased DA interfacial area, which facilitates efficient exciton dissociation and reduces the probability for geminate exciton recombination. 59 This explains the higher illuminated current in the 1,2-DCB-based blend. In the case of a CB-based film, the donor and acceptor domains are distributed in large isolated patches. The phase separation length varied from 25 to 100 nm in the case of CB and is greater than the exciton diffusion length. This explains the low illuminated current in CB as compared to the 1,2-DCB blend. Thus, the proposed model and experimental evidence suggest that the morphology of the 1,2-DCB blend was optimal for efficient exciton diffusion, dissociation through fine phase separated ordered DA network, and also facilitated efficient carrier separation, transport, and charge collection through the ordered DA network as opposed to the CB-based blend.
Finally, the performance of the devices fabricated using CB and 1,2-DCB cast active layers were compared using illuminated J-V plots ( Fig. 9 ). Power conversion efficiency (PCE), open circuit voltage (V oc ), short circuit current density (J sc ), and fill factor (FF) of the two cells are summarized in Table 2 . The FF and PCE of the 1,2-DCB-based cell were 50% and 3.1%, respectively, whereas FF and PCE of the CB-based cell were 38% and 1.9%, respectively. There was a 60% increase in the PCE of the 1,2-DCB-based cell compared to that of the CB-based cell which was quite significant on the basis of the distinct difference in morphology of the two blends. The EQE of the CB-and 1,2-DCB-based cells at 532 nm were 55.3% and 72.9%, respectively (see Fig. 10 ). As predicted from the optimum nanoscale morphology, the 1,2-DCB-based device gave the maximum PCE and EQE.
Though the light absorption and exciton generation efficiency of the 1,2-DCB cast film was significantly lower than the CB cast film, the PCE of the 1,2-DCB-based BHJ cell was found to be higher than the CB-based device. This suggests that the ability of the blends (primarily P3HT) to efficiently absorb light and generate excitons was not the only deciding factor for better photovoltaic performance of the cells and does not necessarily lead to higher efficiency. Instead, the final device performance was strongly determined by the processes subsequent to charge generation: exciton dissociation, carrier separation, transport, and collection at the electrodes which are, in turn, strongly dependent on blend morphology. One of the possibilities may be that the exciton dissociation and free charge transport through the 1,2-DCB cast film was facilitated due to the more evolved morphology and ordered network of DA phases. Whereas, in spite of the efficient generation of excitons in a CB cast film, the majority of the excitons may have remained undissociated and undergone geminate recombination due to the unavailability of DA interfaces as a result of coarse phase separation. Another possibility might be that the free carriers (after exciton dissociation) were not able to transport efficiently to the electrodes due to the lack of ordered DA pathways. Thus, information obtained through both structural and electrical measurements at nanoscale and device level suggested that the higher boiling point and solvating power of 1,2-DCB led to finer phase separation of DA components and induced ordering in the P3HT phase during film formation, which led to improved exciton dissociation, charge transport, and collection, and finally resulted in a comparative enhancement of device performance. The correlation between the physical properties of spin-casting solvent, morphology, charge transport, and device efficiency was established.
Conclusions
A combination of high spatial resolution scanning probe-based measurements, TEM imaging, and device scale measurements was used to investigate the effect of the spin-casting solvents in manipulating the nanoscale morphology of P3HT:PCBM blends and to correlate local charge transport processes with device performance. Results indicate that higher solubility of P3HT and PCBM in 1,2-DCB and a slower evaporation rate (higher boiling point) of 1,2-DCB allowed efficient phase separation of the blend, promoted ordering in P3HT, and resulted in a smoother blend surface. The 1,2-DCB-based blend showed a finer phase separation of ∼ 10 to 15 nm, while the blend spin cast with CB exhibited a coarse phase separation of ∼25 to 100 nm, suggesting higher exciton diffusion and dissociation probability for the 1,2-DCB blend. The P3HT chain alignment and nanoscale self-assembly were more evolved in the 1,2-DCB-based blend which further facilitated efficient charge transport and collection, as indicated by the highest hole mobility in these blends. Therefore, a nanomorphology with finer phase separation and efficient hole transport pathways resulted in a higher power conversion efficiency (3.1%) for the 1,2-DCB-based solar cell. It was also observed that the device performance was not limited by photon absorption and exciton generation; rather the morphology dependent processes subsequent to carrier generation, primarily carrier transport, were limiting the device performance. Thus, the physical property of the spin-casting solvent, blend morphology, and nanoscale electrical properties of the DA blend were correlated with the energy conversion efficiency of the final devices.
